SARS-CoV-2 Structure and Pathogenesis {#section1-1076029620944497}
=====================================

Structure {#section2-1076029620944497}
---------

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)^[@bibr1-1076029620944497],[@bibr2-1076029620944497]^ belongs to the genera betacoronavirus containing single-stranded (positive-sense) RNA associated with a nucleoprotein within a capsid comprised of matrix protein. All the structural and accessory proteins are translated from the single guide RNAs of CoVs. The genetic and phenotypic structure of COVID-19 in the pathogenesis is important.^[@bibr3-1076029620944497]^

The Role of Angiotensin-Converting Enzyme 2 in Pathogenicity {#section3-1076029620944497}
------------------------------------------------------------

After being cleaved by serine protease protein, SARS-CoV-2 binds to angiotensin-converting enzyme 2 (ACE2) receptor through its protuberances, enters and infects alveolar epithelial cells, macrophages, perivascular cells, cardiomyocytes, and further the virus is unshelled for gene transcription and translation.^[@bibr3-1076029620944497],[@bibr4-1076029620944497]^ In addition to being SARS-CoV-2 receptor, ACE2 has physiological functions: the negative regulator of the renin--angiotensin system (RAS) and the promotion of amino acid transport.^[@bibr5-1076029620944497]^ Angiotensin-converting enzyme 2 is widely expressed, including lung, cardiovascular system, intestine, kidney, central nervous system, and adipose tissue.^[@bibr6-1076029620944497]^ A COVID-19 study found that cardiac pericytes express ACE2, which is related to many patients with COVID-19 accompanied by underlying cardiac lesions.^[@bibr7-1076029620944497]^ Other studies also believed that by blocking the kinin--kallikrein system regulated by ACE2, it may reduce the occurrence of pulmonary edema (PE) and acute respiratory distress syndrome (ARDS).^[@bibr4-1076029620944497],[@bibr8-1076029620944497],[@bibr9-1076029620944497]^

Angiotensin-Converting Enzyme 2 Mediates Hemostatic Disorders by Reducing Fibrinolytic Activity {#section4-1076029620944497}
-----------------------------------------------------------------------------------------------

The dynamic balance of the hemostasis and anticoagulation fibrinolysis system is the basis to ensure the flow state of blood fluid, neither bleeding out of the blood vessel nor forming thrombus in the blood vessel.^[@bibr10-1076029620944497]^ This is a complex and huge system with many factors, but the regulation of the vascular endothelium and RAS plays an important role. Angiotensin-converting enzyme 2 is an important component of the RAS and is expressed in vascular endothelial cells. It is a key link that affects blood hypercoagulability and thrombosis. Research has shown that ACE2 alternatively converts angiotensin (Ang) II into Ang-(1-7) and Ang I into Ang-(1-9) ([Figure 1](#fig1-1076029620944497){ref-type="fig"}). Ang-(1-9) enhanced thrombosis development, decreased plasma concentration of tissue plasminogen activator (t-PA), and increased the level of plasminogen activator inhibitor-1 (PAI-1).^[@bibr11-1076029620944497]^ Therefore, the balance between t-PA and PAI-1 is broken and the production of plasmin is reduced, resulting in an increased risk of thrombosis in blood vessels.^[@bibr5-1076029620944497],[@bibr6-1076029620944497]^

![The pathogenesis of COVID-19 binding to angiotensin-converting enzyme 2 (ACE2) receptor and the mechanism of ACE2 regulating blood hypercoagulability. Figure from the network: <http://home.xue63.com/wendangku/z1s/f14g/j0c58a868dcv/k5022aaea998fcc22bcd127ff425fl.html>](10.1177_1076029620944497-fig1){#fig1-1076029620944497}

COVID-19---Related Hypercoagulant and Thrombotic Complications {#section5-1076029620944497}
==============================================================

Many literatures reported that the changes in the coagulation system of COVID-19 patients generally show enhanced coagulation and thrombosis.^[@bibr12-1076029620944497],[@bibr13-1076029620944497]^ Complications of severe and critical COVID-19 include ARDS, embolism or pulmonary thrombosis, and hypercoagulable state.^[@bibr14-1076029620944497][@bibr15-1076029620944497][@bibr16-1076029620944497][@bibr17-1076029620944497]--[@bibr18-1076029620944497]^ COVID-19 accompanied by hypercoagulable state and the occurrence of thrombotic diseases and microthrombus can be seen in cardiac vessels, hepatic portal area, and renal interstitium. The autopsy pathology of COVID-19 confirmed this.^[@bibr19-1076029620944497],[@bibr20-1076029620944497]^ COVID-19-related hypercoagulant and thrombotic complications may be due to the following pathological mechanisms.

General Mechanism {#section6-1076029620944497}
-----------------

There are 2 aspects of factors for the formation of hypercoagulability and thrombotic diseases: one is the enhancement of coagulation, the other is the weakening of anticoagulation and fibrinolysis. From the coagulation cascade ([Figure 2](#fig2-1076029620944497){ref-type="fig"}), we can see that the enhancement of coagulation can be initiated through an intrinsic or extrinsic pathway, causing the chain-level expansion of coagulation factors and thrombin formation. Many factors are activators of the coagulation system, and damage to the vascular endothelium and extrinsic tissue factors are the main promoters of coagulation. The core of the fibrinolytic system is plasmin, which is used to further dissolve the fibrin, fibrinogen, and fibrin monomer cross-linking. Plasmin is activated by plasminogen under the action of t-PA and then quickly combines with α2-antiplasmin to form plasmin--antiplasmin (PAP) complex. Vascular endothelial cells secrete t-PA, which is usually in the form of tPA-PAI-1 complex (tPAIC), and there is abundant thrombomodulin (TM) under vascular endothelial cells, which can be activated by thrombin, thereby activating the protein C pathway anticoagulant. Therefore, PAP, tPAIC, and TM can be used as molecular markers for early monitoring of hypercoagulability and microthrombosis in blood vessels.^[@bibr21-1076029620944497]^ Vascular endothelial cells are an important link in regulating the coagulation, anticoagulation, and fibrinolysis systems and are closely related to the body's hypercoagulable state and the occurrence of thrombotic diseases. This may lead to myocardial dysfunction and damage, endothelial dysfunction, microvascular dysfunction, plaque instability, and myocardial infarction (MI).^[@bibr4-1076029620944497]^

![Coagulation, anticoagulation, and fibrinolysis.](10.1177_1076029620944497-fig2){#fig2-1076029620944497}

Renin--Angiotensin System and Cytokine Storms Work Together to Extensively Form Microvascular Thrombosis {#section7-1076029620944497}
--------------------------------------------------------------------------------------------------------

Inflammation and coagulation reactions interact through multiple links to form an automatically amplified cascade effect.^[@bibr22-1076029620944497]^ Without intervention, it may lead to diffuse vascular endothelial damage, organ dysfunction, and eventually death. Ang II in the RAS system not only has the effect of raising blood pressure but also affects the function of the coagulation system, fibrinolysis system, and platelets and is involved in atherosclerosis, acute MI, and other diseases related to the occurrence and development of thrombosis.^[@bibr23-1076029620944497],[@bibr24-1076029620944497]^

Thrombosis Directly Leads to Severe COVID-19 and/or Death {#section8-1076029620944497}
---------------------------------------------------------

The SARS-CoV-2 binds to the ACE2 receptor and enters the cell, causing extensive tissue and organ endothelial cell damage. At the same time, the coagulation activity that mediates the regulation of the RAS is enhanced, the anticoagulation and fibrinolytic activity are weakened, and extensive thrombosis is present in the blood vessel, further leading to DIC and secondary fibrinolysis.^[@bibr25-1076029620944497]^ Inflammatory factors mediate the increase of fibrinogen, which further promotes the conversion to severe COVID-19, such as ARDS and alveolar fibrin exudation and PE. Extensive hypercoagulability and the diffuse intravascular thrombosis are also the cause of direct fatal diseases such as pulmonary embolism.^[@bibr18-1076029620944497]^

Treatment Strategies of COVID-19-Related Hypercoagulant and Thrombotic Complications {#section9-1076029620944497}
====================================================================================

Monitoring the Development Nodes of Severe COVID-9 {#section10-1076029620944497}
--------------------------------------------------

The treatment of severe COVID-19 is the key to reducing mortality and improving the cure rate. Based on the fact that severe COVID-19 is closely related to the hypercoagulable state of blood and thrombotic diseases, finding the node for the conversion of blood to hypercoagulable state is one of the indications for the general conversion of COVID-19 to severe COVID. Thrombosis markers and blood hypercoagulability markers, such as PAP, TM, and tPAIC, can be used as auxiliary indicators.

Anti-Inflammatory Therapy Treatment {#section11-1076029620944497}
-----------------------------------

Inflammatory factor storm is an important factor leading to blood hypercoagulability and thrombotic diseases, sepsis, ARDS, and DIC.^[@bibr22-1076029620944497]^ Anti-inflammatory treatment can be used as a general program of COVID-19 and has universality.

Anticoagulant Therapy {#section12-1076029620944497}
---------------------

Once COVID-19 has blood hypercoagulability and thrombotic disease complications, anticoagulation therapy should be performed.^[@bibr26-1076029620944497]^ Through anticoagulation therapy, the activity of coagulation factors is reduced, the blood flow state is maintained, and the body's tissues and organs are fully perfused and oxygen is supplied. It should be noted that, during anticoagulation therapy, the coagulation index should be closely monitored to prevent excessive anticoagulation from bleeding complications.

Blood Purification Systems {#section13-1076029620944497}
--------------------------

In COVID-19-related acutely severe patients, cytokine-storm-targeted therapy is recommended for the treatment of severe lung failure secondary to excessive inflammation.^[@bibr26-1076029620944497]^ Some studies have shown that cytokine/chemokine clearance can be achieved through blood purification systems, such as plasma exchange, plasma absorption, and hemofiltration/plasma filtration. It has been confirmed in the treatment of patients with severe H7N9 influenza infection that blood purification systems remarkably reduced the levels of 17 cytokines/chemokines.^[@bibr27-1076029620944497]^ Blood purification system has a good therapeutic effect in the treatment of heavy COVID-19, and the positive results proved to significantly reduce the level of cytokines/chemokines and increase coagulation factors, fibrinolysis, and anticoagulant activity, thereby reducing inflammatory storms and maintaining the stability of the body internal environment and stable blood flow.^[@bibr28-1076029620944497][@bibr29-1076029620944497]--[@bibr30-1076029620944497]^

Conclusion {#section14-1076029620944497}
==========

COVID-19 is often accompanied by thrombotic complications. Inflammatory factors and enhanced ACE2-mediated activity of the RAS expressed by vascular endothelial cells are associated with COVID-19-related thrombotic complications. The molecular markers of thrombosis such as PAP, TM, and tPAIC can be used for the diagnosis of severe COVID-19 conversion nodes. Anti-inflammatory and anticoagulation therapy can be used as the treatment strategies for preventing thrombotic complications and serious diseases such as ARDS and pulmonary embolism due to COVID-19.
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